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44S florist • fluffy 


, V-ti-k Wlc\ o</p 

^^Sf ? ^V^fT' ^ "A^ flourished, fr. to flourish] 

■fl« T \ifli^^ 0f " ou "shins (as of a person or movement) J 
fr^W^ f?°» V " tP rob :. m «lif. of F/Zoe/ze soft, weak (of silk fiber), 

Sr^nhr^IS] ( L 759) 1 8 : thrcad of silk or mercerized cotton 
>fl£?w mSS? . : DE ? TAL FLpss 2 : fluffy fibrous niaterial 

vi,-? - } l« t0 ^ dcntiU Ooss °n tousedenSuioss 
flossy \*fla-se. flo-\ adj floss-i-er- -est f i r\q\ T.^ »i ?^ 

fi^S ii °"S>- n J Sp l ( 1 527) • a fleet of Spanish ships 
o?fw£ V "°*^ 3 n\ n pyZoa,] (1«06?T: the act. process, or state 
? thT^S? 3 : "V"? ° r mstancc of financing (as an isWofstock) 3 
the separation of the particles of a mass of VuTverized^re a^rdin* 
I2ri5f. r — , UVe floating on a given ^dd; ato^y of 

^H^/ 1 ? U ^ Pro 2? Ses / nvo ! vin ? the rdati * capaciS of ^teriak for 
Pa^Tsoffgro^S^w 5 ° f 3 ^ " "^stay onThfs^ 

ffJL u 710/0 Sh,p ' ncet — more at FLOAT] (171 1) 1 • a fleet of 

^ rg0: bmad,1 > : noaUn 6 debris 2 a ™ SZi7^l- 
, jerky or bouncy -odSi^S^^.'i'SSS 'jeTwng^sTo'uf 

^atoW-sWidf ! ' m a " ° r inS,anCe ° f noundn « - « oun «:y 

S^(lS«T^i^^a B ? to, * , « ^(tW.0\ [prob. alter, of 
about wild v 2 • in,™ ">, move or obtain footing : thrash 

!l Ur pa V r,^' 657,: or 4 if SSS^L „ to break „p 

'f Jour-ish Vflar-ish. 'fl»-rish\ v6 [ME florisshen fr MF /W« „f 
o£) ^^^'LyTonV. after, of L fr^^o^r] ° v 

• prosper* £ - ?« £ ? uxunant| y •* ™rive 2 a : to achieve success 
1850? f. to ^ch*, hri.ffS A ° f Action <~ed aESnd 

sal frssisssas 

Jfloutntca. 1570): jeer 

™k, a : 'J* " u » nll| y ">at flows in a certain time 5*menstrua 
fertf energy"* m0 ' ,0n cl — of Huids b I^VnioSSnt 

' b^o^y'ofwate^'formed I ' = S* °"° adjacent land 

a ooay ol water formed by overflowing or damming c : floodwa- 



flowchart \-,chart\ n (1920) : a diagram that show. « 
gression through a procedure or sys1e^p^n°^2 
a set of conventional symbols - flow^dSrt.togvS?^ 
flow cy-tom^try \-sI-ta-m^tre\ n (197$) • SS* 11 
ing and sorting cells and their components (as ^ofife? 

flow diagram n (1943): flowchart 
•flower \ l flau(-3)r\ n [ME yTour 
nower, best of anything, flour, fr. OF 1 
flor. flour, fr. L flor-. flas — more at 
blow] (I3c) 1 a : blossom, inflo- 
rescence b : a shoot of the sporo- 
phyte of a higher plant that is modified 
for reproduction and consists of a 
shortened axis bearing modified 
leaves; esp : one of a seed plant differ- 
entiated into a calyx, corolla, stamens, 
and carpels c : a plant cultivated for 
its blossoms 2 a : the best part or 
example (the ~ of our youth) b : the 
finest most vigorous period c : a 
state of blooming or flourishing <in cross section of fl 
full ~) 3 pi : a finely divided powder filament 2 anther 
produced esp. by condensation or style. 5 petal, 6 oO 
suWirnation <<^s of sulfur) — flow- 8 pedicel 9 stame' 

\flau(- 3 )r-f 3 !\ adj — flow^r-less 
V-las\ adj — flow^r.like \-Jik\ adj 

Slower W (13c) 1 a : develop (~~ed into youne wnm, 
jFLOURISH 2 : to produce flowers \ BLOSSOM ~ * 
e^a°«3r J\ n° deCOT * tC wit h n ° wcrs or noraI design^ - 
^tTot^ 86 W**- 3 *- 1 * « <»»40) : a flowering process, su 
flower bud n (1 828) : a plant bud that produces only a fW 
flower bug n (ca 1889) : any of various smaH mosrJy b C 
predaceous bugs (fair.:ly Anthocoridae) that frequeni 
on pest insects (as aphids and thrips) a 
°W n i, 1967 > : a hiPPie who advocates love, beauty 
f ow^r^t aiso flow^r^tte \fIau(- 3 )r-*\ n (15c) : fw^i 
flower girl n ( 1 925) : a little girl who carries flowen ™™L 
flower Head n (1845) : a capitulum (as of a compos* e) Ef 
flowers so arranged that the whole infloreseencetook, a 

"hUSSV dog> ! < ^ d n (I i 43 > : a common spring-floweri 
bracted dogwood (Cornus florida) fi 
flowering plant n (1745) : angiosperm 
flower people np/(l967) : flower children 
f ow^r-pol : \flau(-3)r-,pat\ n (1598) : a pot in which to ero» 
flowery V'fiauOoJr-eX adj (14c) 1 : of, relating to or 
c 5 -? : marked by or given to rhetorical elegance -~n., 
\*nau(-3)r-3-le\ adv — f lo w^r-i-ness n 
o^n r ri ei " X '£9-' n ? e - t3 '-\ » 0915) : an instrument for mc* 
pi f pT) WW™ veloaty or pressure) of a flow (as of a i 

Jflown \'fl6n\ past pan of FLY 

f?aZ ?h« y * Ca 7?SSi pp - of ,y7ow3 (1626) : fiIlcd to exc « s 

now sheet n ( 1 9 1 2) : flowchart 

flow-stone Vflo-^tonN n (1925) : calcite deposited by a thb 

vVr,^ N n [by sh p rt f nin Sl (1839 > 1 * influenza 2 : any r 
if I»h v 'rftf 5 ^rf^f- b . v r«Pi^tory symptoms 
'flub \fl 3 b\ vb flubbed^ flub-bing [origin unknown] w (jc 
Jfh!h»fKSi of: ^WWmylines) —vi: blunder 
« 1 j ( J ^ : an act or '"stance of nubbing 
dash" V ^ 3b ~' d3bX n t ori « in unknown] (1888) : bunkum. 
fluc-tu-ant X'flak-cha-wantN adj {\ 560) 1 : moving in waves ; 
«^ ♦. U ?r" A ?!£ , 3 = movable arid compressible <a -atar 

fluc.tu.ate \'fl 3 k-ch3-.wat\ vb -at-ed; -at-ing [L fluctuant 
.^ S7: l T - ^ uctt i s P°^ wave, fr. fluere — more at fluid] W( 5 
. to shift back and forth uncertainly 2 : to ebb and flow in 
vf : to cause to fluctuate syn see swing — fluc-tu-a-tioo \J 
fl W r S \-n"v " —".".c-tu-a-tion-al \-'wa-shn 3 l t -sh>n1\ adj 
H^t;"" N " [ ° ng,n unkn own] (1582) : an enclosed pawtfr 
d n^i m 5if c , urr i nt: as a a channel in a chimney for conwy* 
p»l<fT™ e i° th fu OUtcr L atr b : a P'Pc for conveying flaw* 
SSfno ,° U /L d P r ^rough water in a steam boiler c : an tf- 
eadmg to the hp of a wind instrument d: FLUE PIPE 
i"fW U *?u V ' k y^ ad J 0905) : cured with heat transmit 
a nue without exposure to smoke or fumes <~ tooacco) 

f 2^" nU t n(t i-^ n J 1 636) : lhc auaJit y or state of bant * 
^F^n'™* ^Ji^^t-.fluens, prp. of fluere] (1599) I 
pable of flowing : Fi inn K • /-an^ki. »f • _ ..it *a 


n»KuVf n i ■ a «l L ^'"-./'W'u. Prp> of/f U ere](1599) I 
?tl °Ll OWine L "■"'R b : capable of moving with ea* «? 
rh^ y °i, a t ncer) l a: ready or facile in speech 
i. b * 5V ortI «sly smooth and rapid : polished <a ~ P«**' 
— riu*ent*ly adv 
flue pipe n (1852) : an organ pipe whose tone is produced 
current striking the lip and causing the air within to %ibr»«~ 
pare reed pipe 

ff iif« V-K a ( 1 85 r 5) : t. a " ? rgan st °P made HP of flue pipes , , , 
2lf ff N ? afX " tpcrh - blend of A™ (fluff) and puWu m) }\ 
down 2: something fluffy 3 : something inconsequentW 4 »* 
der; esp : an actor's lapse of memory t 

(1 ^ 75) . 1 : to bccomt nuffv 2 = to make a misuU.* 
torget or bungle one's lines in a play ~ vr 1 ■ to make fl*). 
j. to spoil by a mistake : botch b : to deliver "badly or iafPj 
lines) in a play I. 
fluffy Vfl3-fe\ adj fluff-i-er; -est (ca. 1825) 1 a : 
resembling fluff b : being light and soft or airy <a ~ ^ 


fliigelhorn • flute 449 


- Ucking in meaning or substance : superficial 2c — Huff i ly \fto- 
Lja adv — flufM-ness \fl>fc-nas\ n 

^el-horn or flue-eel -horn Xilu-gaJ-.horn. *flu:-\ n [G, fr. FTi/gc/ 
»iag. A* 1 ^ + Worn norn; fr - its usc to signal the flanking drivers in a 
Mitue] 0854) : a valved brass instrument resembling a cornet but 
laving a larger bore — flu-gel- horn-is t \-Ji6r-nist\ n 
^d Vflu-adX adj [F or L; F fluide. fr. L fluidus. fr. Jluere to flow, 
jiin to Gk phtyzein to boil over] (1603) 1 a : having particles that 
asily move and change their relative position without a separation of 
£e mass and that easily yield to pressure : capable of flowing b 
• subject to change or movement (boundaries became ~> 2 : charac- 
{eucd by or employing a smooth easy style <the ballerina's move- 
ments) 3 a : available for a different use b : liquid 4 <~ assets) — 
fla-td-ly adv — flu-id-ness n 

flaid n (1661) : a substance (as a liquid or gas) tending to flow or con- 
fcnn to the outline of its container — flu id-al Vflu-a-dlX adj — flu- 
ial.|y \-d1-e\ adv 

ftoid dram or flu-i-dram XJlii-aWVdranA n (ca. I860) : a unit of 
bquid capacity equal to V» fluid ounce — see weight table 

ao4d-ex*tract \ i flu-> , dek-,strakt\ n (1851) : an alcohol preparation oi 
i vegetable drug containing the active constituents of one gram of the 
,jry drug in each milliliter 

flo-id-ic \flu-S-dik\ adj (1960) : of, relating to, or being a device (as an 
unptifier or control) that depends for operation on the pressures and 
flows of a fluid in precisely shaped channels — f luidic n — flu-id-ics 
\-diks\ n pi but sing in const r 

flu-id-i-ty \flu-*i-d3-te\ n (1603) 1 : the quality or state of being fluid 
2: the physical property of a substance that enables it to flow 

flthid-ize \flu-^,diz\ vr -ized; -iz ing (ca. 1855) 1 : to cause to flow 
tike a fluid 2 : to suspend (as solid particles) in a rapidly moving 
urtam of gas or vapor to induce flowing motion of the whole — flu-id- 
ba-ttoti Ulii-xla-'za-shonV n — flu-id-iz-er \flu->,di-z3r\ n 

flnidiied bed n (1949) : a bed of small solid particles (as in a coal 
burning furnace) suspended and kept in motion by an upward flow of a 
fluid (as a gas) — called also fluid bed 

fluid mechanics n pi but sing or pi in constr (1937) : a branch of me- 
chanics dealing with the properties of liquids and gases 

fluid ounce n (ca. 1860) 1 : a U.S. unit of liquid capacity equal to V t6 
pint — see weight table 2 : a British unit of liquid capacity equal to 
Kpint — see weight table 

'fluke VflukV n [ME fr. OE floe: akin to OE floh chip, OHG flah 
tmooih, Gk plax flat surface, and prob. to OE flor floor — more at 
nooR] (bef. 12c) 1 : flatfish 2 : a flattened digenetic trematode 

broadly : TREMATODE — compare liver FLUKE 
fluke n [pern. fr. 1 fluke] ( 1 561 ) 1 : the part of an anchor that fastens 
tn the ground — see ANCHOR illustration 2 : one of the lobes of a 
*hale*s tail 

fluke n [origin unknown] ( 1 857) 1 : an accidentally successful stroke 
u billiards or poo! 2 : a stroke of luck (the discovery was a ~> 
fbky also fluk-ey Vflii-keA adj fluk-i-en -est (1867) 1 : happening 
by or depending on chance 2 : being unsteady or uncertain — used 
ap. of wind 

flume VflunA n [prob. fr. ME flum river, fr. OF, fr. L /lumen, fr. fluere 

— more at FLUID] (1748) 1 : an inclined channel for conveying water 
jt$ for power) 2 : a ravine or gorge with a stream running through it 
nunwnery Vflsm-re, *fl>nw-\ n, pi -mer-ies [W Uymru] (1 623) 1 a 
: » soft jelly or porridge made with flour or meal b : any of several 
weet desserts 2: mummery, MUMBOJUMBO 

iram-mox Xfla-maks, -miks\ vt [origin unknown} (1837) : confuse 
•ynrnp i VflwnpX [imit.l vi (1816) : to move or fall suddenly and heavily 
Jf-eddown into the chair) ~* vt : to place or drop with a flump 
Jump n ( 1 832) : a dull heavy sound (as of a fall) 
1?°^ Post and past part of Fung 

■»rank \fbnk\ vb [perh. blend of flinch and funk] vi (1823) : to fail esp. 
in examination or course vf 1 : to give a failing grade to 2 : to 
V , In l ***** in — flunk«er n 
riJOx n * 1 • an act or instance of flunking 

St ont w (1920) : to be dismissed from a school or college for failure 


*{»*y or fliuvkey Vflan-kaX n. pi flunkies or flunkeys [Sc, of un- 
"*rn ongin] (ca. 1782) 1 a : a liveried servant b : one performing 
fS^Jor miscellaneous duties 2 : yes-man 

**ciiw>.lone ac-e-to-nide \.flii-3- , st-n'l-,6n-,a-s3- , to-,nid\ n [fluor- 
J^jotone, prob. alter, of -nisolone (as in prednisolone)} (1963) : a 
M*5^i coi<t stcr <>id C 24 H»F20 6 used esp. as an anti-inflammatory 
ft5? VU- C trcatmcn * of skin diseases 

j*w \Tlu-j6r, t flU-3r\ n (NL, mineral belonging to a group used as 
ilXn d mc luding fluonte, fr. L, flow, fr. fluere — more at fluid] 
(I"* 1 ': auORrre 

or fluoro- comb form VF) 1 : fluorine </7uoride> 2 also fluori- 
(L^[«cence (fluoroscope) </7uornneter> 

/5a!~? VJIy- res, no-, flo-\ vi -resced; -rescing [back-formation fr. 
fl^^ncc] (1874) : to produce, undergo, or exhibit fluorescence — 

CTu^J^Jn V're-se-3n\ n (1876) : a yellow or red crystalline dye 
fc.n^Hy' with a bright yellow-green fluorescence in alkaline solution 


to dismiss from a school or college for failure 


06 A*' re -s*n(t)s\ n LNuorspar + opalescence] (1852) : lumi- 
kuSrf-n 1 causcd bv thc absorption of radiation at one wave- 
nveJJSifwed by nearly immediate reradiation usu. at a different 
r^TJJWh and that ceases almost immediately when the incident 
cisce Stops; also : thc radiati o n emitted - 


compare phosphores- 


ential *• ^ t . 

mistake; 1 ; 
take flufly ( i|i 
or forget 


^fS*J*nt \-s s nt\ adj ( 1 853) 1 : having or relating to fluorescence 
' *er» £1 ^". d Slowing as a result of fluorescence <~ inks); broadly 
Jlj^/onghtin color — fluorescent n 


<* D^SL^ mp n < 189 °) : a tubular electric lamp having a coating 
/^PqT^k 0 ^ 1 material on its. inner surface and. containing mercury 
^^j^op^^bombardment' by electrons* from the cathode provides 
**oi£;«t light which causes the material to emit visible light 
ideate \7lur-3-,dat. ?l5r-, fl6r-\ vr -dat^d; -dat-ing (1949) : to 
Ation v 2 de lo ^ drinking water) to reduce tooth decay — flno»ri- 

\Tlor-jd, flur-X n. often attrib (1826) 1 : a compound of 
* '• the monovalent anion of flourine 


fluo-ri-nate \*ndr->-^at, flor-, flur-\ vt -nat-ed; -nat-ing (ca. 1929) 
: to treat or cause to combine with fluorine or a compound of fluorine 

'— fluo-ri-na-tion Xjldr-a-'na-sh-wi. Jldr-. Jlur-\ n 

fluo-rine \flur-^n, ilor-, florA n [F, fr. NL jluor] (1813) : a nonme- 
tallic halogen element that is isolated as a pale yellowish flammable 
irritating toxic diatomic gas — see element table 

fluo-rite Vflur-.it, Tlor-. flor-X n [It. fr. WLfluor) (1868) : a transpar- 
ent or translucent mineral of different colors that consists of the fluo- 
ride of calcium and is used as a flux and in the making of opalescent 
and opaque glasses 

fluo-ro-car-bon Ulur-d-'kar-bsn, .flor-. .flor-\ n (1937) : any of vari- 
ous chemically inert compounds containing carbon and fluorine used 
chiefly as lubricants, refrigerants, nonstick coatings, and formerly aero- 
sol propellants and in n. a king resins and plastics; also : chloro- 

FLUOROCARBON 

fluo-ro-chrome \*flur-»-Jcr6m, Jlor-, .florA n (1943) : any of various 
fluorescent substances used in biological staining to produce fluores- 
cence in a specimen 

fluo-rog.ra.phy Vflu-Va-gra-fe, fio-. flo-\ n (1941) : photofluorocra- 
phy— flu*o-ro-graph.ic Ulur-^-'gra-fik. j] Qr . t f|6r-\ adj 

fluo-rom*e»ter Xflu-Va-ma-tar. flo-, fl6-\ or fluo*rim*e-ter \-'ri-\ n 
(1897) : an instrument for measuring fluorescence and related phe- 
nomena (as intensity of radiation) — fluo-ro-met-ric or fluo-ri-met- 
ric \Jlur-3-'me-trik, Jlor-, ,fl6r-\ adj — fluo-rom>e*try \nu-'ra-m> 
tre, fid-, fl6-\ or fluo-rim>e-try \-'ri-m->-tre\ n 

•fluo-ro-scope VTlur-^^kop, "flor-. *flor-\ n [ISV] (1896) : an instru- 
ment used for observing the internal structure of an opaque object (as 
the living body) by means of X rays — fluo-ro-scop-ic \,flur-a-*ska- 
pik, ♦fldr-, Jl6r-\ adj— fluo-ro-scop-i-cal-ly \-pi-k(3-)Ie\ adv — fluo- 
ros-co-pist \flu-Vas-k»-pist, flo-, fl6-\ n — fluo-ros-co-py \-pc\ n 

2fluoroscope vt -scoped; -scoring (1898) : to examine by fluoros- 
copy 

fluo-ro-sis Xflu-Vd-sas. fl6-\ n [NL] (1927) : an abnormal condition (as 
mottling of the teeth) caused by fluorine or its compounds — fluo-r ot- 
ic \-Vfi-tik\ adj 

fluo-ro-ura-cil \Jlur-6- l yur->^il, -^a|. Jlor-, ,flor-\ n \fluor- + uracil] 
(ca. 1958) : a fluorine-containing pyrimidine base C4HjFN202 used to 
treat some kinds of cancer 

fluor-spar Vflur-.spar, flor-, 'fl6r-\ n (1794) : fluorite 

flu-phen-uxine Xflu-'fe-ns-.zoA n f/7uor- + phenazine] (ca. 1960) : a 
tranquilizing compound C22H26F3N3OS used esp. combined as a salt 

mur.ry \flar-e, *fl»-re\ n. pi flurries [prob. fr. flurr (to throw scatter- 
mgly)J (1686) 1 a : a gust of wind b : a brief light snowfall 2 a 
: a bnef period of commotion or excitement b : a sudden occurrence 
of many things at once : barrage 2 <a ~ of insults) 3 : a brief ad- 
vance or decline in prices : a short-lived outburst of trading activity 

Slurry vb flur-ried; flur-ry-ing vt (1757) : to cause to become agi- 
tated and confused vi : to move in an agitated or confused manner 

»flush VflasbA vb [ME flusshen] v/(13c) : to take wing suddenly ~ vt 

1 : to cause (a bird) to flush 2 : to expose or chase from a place of 
concealment <~e(f the boys from their hiding place) 

Jflush n [MF flus, fluz. fr. L fluxus flow, flux] (ca. 1 529) 1 : a hand of 
playing cards all of the same suit; specif : a poker hand containing five 
cards of the same suit but not in sequence — see poker illustration 2 
: a series of three or more slalom gates set vertically on a slope 

flush n [perh. modif. of L fluxus] (1529) 1 : a sudden flow (as of 
water); also 1 a rinsing or cleansing with or as if with a flush of water 

2 a : a sudden increase or expansion; esp : sudden and usu. abundant 
new plant growth b : a surge of emotion <felt a ~ of anger at the 
insult) 3 a : a tinge of red : BLUSH b : a fresh and vigorous state <in 
the first ~ of womanhood) 4 : a transitory sensation of extreme heat 

— compare hot flash 

♦flush w* (1548) 1 : to How and spread suddenly and freely 2 a : to 
glow brightly b : BLUSH 3 : to produce new growth <the plants ~ 
twice during the year) ^ vr 1 a : to cause to flow b : to pour liq- 
uid over or through; esp : to cleanse or wash out with or as if with a 
rush of liquid <~ the toilet) <~- the lungs with air) 2 : inflame. EX- 
CITE — usu. used passively <~e<f with pride) 3 : to cause to blush 

5flush ad, (1594) 1 a : of a ruddy healthy color b : full of life and 
vigor : LUSTY 2 a : filled to overflowing b : affluent 3 : readily 
available : abundant 4 a : having or forming a continuous plane or 
unbroken surface <~ paneling) b : directly abutting or immediately 
adjacent: as (1) : set even with an edge of a type page or column 
: having no indention (2) : arranged edge to edge so as to fit snugly 

— f lush.ness n 

flush adv (1700) 1 : in a flush manner 2 : squarely <hit him ~ on 
the chin) 

7 flush vr (ca. 1842) : to make flush <~ the headings on a page) 
flush-able \fl3-sh»-t»l\ adj (1973) : suitable for disposal by flushing 
down a toilet 

'flus-ter Vflw-torX vo flus-tered; flus-ter-ing \-t(>)rir)\ [prob. of 
Scand origin; akin to led flaustur hurry] vt (1604) 1 : to make tipsy 
2 : to put into a state of agitated confusion : upset ^ vi : to move or 
behave in an agitated or confused man- 
ner syn see discompose — flus-tered- 
ly adv 

2 ffuster n (1728) : a state of agitated 
confusion 

"flute \flut\ n [ME flouts fr. MF>7eute. 
fr. OF ftaute, prob. fr. OProv flout) 
(14c) 1 a : recorder 3 b : a keyed 
woodwind instrument consisting of a 
cylindrical tube which is stopped at one 
end and which has a side hole over 
which air is blown to produce the tone 
and having a range from middle C up- 
ward for three octaves 2,t something ,. 



flute lb 


\3\abut V\ kitten, F table Wyftirther \a\ash \a\ ace \a\ mop, mar 
\au\out \ch\chin \e\ bet \e\easy \g\go \i\hit \i\ ice \j\job 
\0\ sing \6\ go \6\ law \6i\ boy \th\ thin \tb\ the \u\ loot \u\ foot 
\y\ yet Vzh\ vision \a, £ B , ce, dr, ue, ffi, *\ see Guide to Pronunciation 
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CHAPTER 18 


KINETIC THEORY OF 

GASES AND THE 
BOLTZMANN EQUATION 


In Section 7-2 we introduced the concept of phase space and distribution functions in 
phase space. We also derived the Liouville equation, which is the equation of motion 
that the phase space distribution function must satisfy. Since we were interested only in 
equilibrium statistical mechanics at that time, we did not consider the Liouville 
equation in any detail. In this chapter we shall review the concept of phase space and 
derive the Liouville equation again. We shall then introduce reduced distribution 
functions and derive the Bogoliubov, Born, Green, Kirkwood, Yvon (BBGKY) 
hierarchy. This hierarchy is the nonequilibrium generalization of the Kirkwood 
integral equation hierarchy for the fluid distribution functions, g {n \v u r„), of 
Chapter 13. Nobody has yet devised a successful way to uncouple the BBGKY 
hierarchy, and so in Section 18-4 we shall derive a physical, yet approximate, equation 
for the distribution function for gases. This equation, called the Boltzmann equation, 
is the central equation of the rigorous kinetic theory of gases. In Section 18-5, we shall 
derive some of the general consequences of the Boltzmann equation that can be 
determined without actually solving it completely. We shall discuss its solution in 
Chapter 19. The standard reference for most of this chapter is Hirschfelder, Curtiss, 
and Bird. Mazo (in "Additional Reading") also discusses these topics well. 

18-1 PHASE SPACE AND THE LIOUVILLE EQUATION 

Consider a system of N point particles. The classical dynamical state of this system 
is specified by the 3 A' momentum components p u p 2 , p 3N and the 3N spatial 
coordinates g 3s . We can construct a 6//-dimensional space whose coordinates 

are Qi , • • • » P\, • . . , Pzx • One point in this phase space completely specifies the 
microscopic dynamical state of our //-particle system. As the system evolves in time, 
this phase point moves through phase space in a manner completely dictated by the 
equations of motion of the system. Actually, one never knows (nor really cares to 
know) the 6N coordinates of a macroscopic system. Rather, one knows just a few 
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macroscopic mechanical properties of the system, such as the energy, volume velocity 
w ,h?he? 17 3 f Cat nUmbCr ° f P0in,s in P ha * «P«* S« are compaS 

approaches infinity, and so £ **?gL* 

system becomes quite dense. This allows us to define a densiiv nr LnL , 

^T^tsst th , e f rt of phase poin,s sr«f £ 

^3,v We shall denote the phase space distribution function by J 
PiN, 0, or more convenient \y by Up o ,) We shall oft™ th.c ,ku V™!' 

/ MP, <?, 0 dpdq=] 

system ,t describes /„ itself must obey some sort of equation of motion. The equation 

eh n£ * * S rf eS K an bC feadily de,ermined bv usi "8 «■* methods of the pr v ous 
chapter, particularly, the argument associated with Eqs. (17-1) to (17-5) The IT 
of phase points within some arbitrary volume vis 

" Mp,q, l)dpdq 

rotdinir^rmomenr^^ n ° ta,i ° n ° f ' et,in8 ' and * 3,1 the ^ 

coordinates and momenta necessary to specify a system in the ensemble The rate of 

change of the number of phase points within v is 

<" J „ 5/ * (18-1) 

Since phase points are neither created nor destroyed, the rate of change of/, must be 
given by the rate at which phase points flow through the surface enc.o mg , The a 
of flow of phase points ,s^/,u, where u is not just the B^dimenslona. vector 

\Hu Hi>->> qzsh out the 6 J /V-dimensionaI vector (a, ft n \ c.„~> *u i 

Jt dS 
The negative sign here indicates that an outflow of phase points yields a negative 

u ' ' s is positive if u is directed ° utward fr ° m • - ~" 

theoL S to f ^ in,e8ral bC transf0rmed 10 a volume int egral by using Gauss' 
d i = -^Sj-(f N n)dp dq (182) 

fhoicr,!?^ E !' (,8 ", ]) fr ° m (18_2) and reaI, ' 2e that ,his e 1 uation » valid for any 
choice of o, we have the equat.on for the conservation of phase points 

t + V -W"0-° (18 -3) 
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in which it should be clear that since we are dealing with phase space 
and 

3 " d 3S d 

j=ioqj j=iopj 

But Eq. (7-27) shows that the summand of the second summation here is zero, and so 
Eq. (18-3) becomes 

dfs ™ df N ™ df 

T7+2lj-<lj+Lj-Pj = 0 (18-4) 

Using Hamilton's equations of motion, 

3H j dH 
Pi = -— and q<= — 
dq t dpi 


Eq. (18-4) can be written 


St j=i [dpjdqj dqjdpj 


(18-5) 


The summation here is called a Poisson bracket and is commonly denoted by {H,f iW }; 
so Eq. (18-5) is often written as 

|^ + {//,/ v } = 0 (18-6) 

This is the Ljouvjl liquation, the most fundamental equation of statistical mechanics. 
In fact, it can be shownThat the Liouvilie equation is equivalent to the 6N Hamilton 
equations of motion of the A^-body system.* 

In Cartesian coordinates, the Liouvilie equation reads 

|f + t ■ V* •+ i *J ■ V p/n = 0 0 8-6") 

ui j - i nij j - 1 

In this equation V rj denotes the gradient with respect to the spatial variables in/ v : 
V PJ denotes the gradient with respect to the momentum variables in/ v ; and F. is the 
total force on the /th particle. 
One often sees the Liouvilie equation written as 

/-^--AAv (18-7) 
where L is ; the Liouvilie operator, 

L= -i?4'^ + l.^-- v -) (is - 8) 

* Mazo, "Additional Reading," p. 23; M. Beran, Amer. J. Phys., 35, p. 242, 1967. 
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The Liouville operator has been defined in such a way as to bring the Liouville equa- 
tion into the form of the Schrodinger equation. A formal, and sometimes useful, solu- 
tion to Eq. (18-7) is 


/v(p, r, /) = e~ iu Mp, r, 0) 


(18-9) 


Note that the operator exp( -iLt) displaces/,- ahead a distance / in time. This operator 
is called xhejime displacement operator of the system. 


18-2 REDUCED DISTRIBUTION FUNCTIONS 

Once we have the distribution function f y (p 9 g 9 t). we may compute the ensemble 
average of any dynamical variable, A(p, q, /), from the equation 

<^(0> <?, 0MP> <?, 0 dp dq (18-10) 

It turns out that the dynamical variables of interest are functions of either the coordin- 
ates and momenta of just a few particles or can be written as a sum over such functions. 
A familiar example of this is the total intermolecular potential of the system. To a 
good approximation, this can be written as a sum over pair-w^e potentials, and so 

< u > = I J * * ■ j "(r / , TjVufa , . . . , p, v , /) dr x * • - dp s (18-11) 

We encountered similar integrands when we studied the equilibrium theory of liquids. 
There we integrated over the coordinates of all the particles except / and j and called 
the resulting function of r f and r,- a radial distribution function. We do the same thing 
here. We dthne j^uce^^tribution fimjxionsf s {n) {r u . . . , r n , p,, . . . , p -f /) by 

ft* " Oi, . . . , r„, Pl , . . . , p„, /) = (N _' n)] j" }Mr it . . . , p N , /) 

dr„ +l '"dr y p n+l "dp N (18-12) 

We shall usually drop the W subscript and furthermore write this simply as/^^r", p n , /). 
Usually only/ (1) and/ (2) are necessary, and therefore we want to derive an equation 
for f {l) and / (2) . To do this, write the force F, appearing in the Liouville equation as 
the sum of the forces due to the other molecules in the system £ f F l7 and an external 
force Xj. Then multiply through by Nl/(N - /?)! and integrate over dr n+l -- 
dr N dp n+1 

d f(n) 


■ dp# to get (Problem 18-2) 


3t 


J=\ tnj 
Nl 


yv! £ f f 

+ (jV-n)! f fli J *" J F 'V* v p/ rfr »+i '" dr i* d Pn+i "'dp N = 0 (18-13) 

We have used the fact that f vanishes outside the walls of the container and when 
P, = ± co. The last term in Eq. (18-13) can be broken up into two parts: 


z *w 


(n) 
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The second term here can be written as 


i ffF,vo + i*V p/ /< n+1 >dr fl+1 Jp, 


'n+l 


Putting all this together finally gives an exact equation for/ 00 , namely, (Problem 18-3), 


This is the so-called BogoHubov, Born, Green, Kirkwood, Yvon (BBG KY) hier - 
archy. This is the time-dependent generalization of the hierarchy that we derived 
earlier in the equilibrium theory of fluids. In fact, if one assumes that 


multiplies Eq. (18-14) through by p,, 1 < / < n, and integrates over all momenta, one 
obtains the equilibrium hierarchy for 0 (n) (ri> r„) (Problem 18-4). It would seem 
natural at this point to truncate this hierarchy by some sort of a superposition approxi- 
mation, but so far this approach has not been successful.* We shall end up deriving 
approximate equations for f (1) and f (2 K 

Everything we have done up to now has been independent of density; i.e., it has 
been applicable to any density. Now we shall specialize to systems of dilute gases. 

18-3 FLUXES IN DILUTE GASES 

In a dilute gas, most of the molecules are not interacting with any other molecule 
and are just traveling along between collisions. Because of this, the macroscopic 
properties of a gas depend upon only the singlet distribution function // !) (r, p J5 /)• 
The subscript j here denotes the singlet distribution function of species j. This is the 
central distribution function of any theory of transport in dilute gases. In this section 
we shall define a number of averages over f/ l) and derive molecular expressions for 
the important flux quantities in terms of integrals over // u . Since we shall be con- 
cerned only with gases in this and the following sections, we shall drop the superscript 
(1) from here on. We shall also write our equations in velocity space rather than 
momentum space, and so the distribution function of interest becomes //r, y j9 t). 
We shall renormalize fj such that the integral of this distribution function over all 
velocities is the number density of j particles at the point r at time /, i.e., 



j=l JJ 




(18-15) 


Furthermore, if Nj is the total number of j molecules in our system, then 



(18-16) 


We shall now define a number of important average velocities. Vj is the linear 


* See, for example, R. G. Mortimer, /. Chem. Phys., 48, p. 1023, 1968. 
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velocity of a molecule of species j; i.e., it is the velocity with respect to a coordinate 
system fixed in space. The average velocity is given by 

V A 0 = J \ V(r, V, , 0 dvj (18-17) 
and represents the macroscopic flow of species j. The mass average velocity is defined by 

Note that the denominator here is the mass density p m (r, /). This velocity is often 
called the flow velocity or ^ream^vdocity. The momentum density of the gas is the 
same as if all the molecules were moving with velocity v 0 . The peculiar ve locity is 
the velocity of a molecule relative to the flow velocity. The peculiar velocity V~is 

v ; = v ;- v o (18-19) 
The average of this peculiar velocity is the diffusi on velocity (Problem 18-5). Clearly, 

Vj = — ~ >'o)7}(r, v, , 0 rfv (1 8-20) 

Pj J 

It is easy to show that (Problem 18-6) 

ZPy'"yV; = 0 1 (18-21) 

j 

When we studied the elementary kinetic theory of gases, we saw that the various 
transport coefficients were related to molecular transport of mass, momentum, and 
kinetic energy. Let these molecular properties be designated collectively by ij/j, where 
j refers to the particular species. We now derive expressions for the fluxes of these 
properties. Figure 18-1 shows a surface dS moving with velocity v 0 . The quantity 
n is a unit vector normal to dS, and dS = n dS. All the molecules that have velocity 
V y = v y - v 0 and that cross dS in the time interval (t, t + dt) must have been in a 
cylinder of length \\ } \ dt and base dS. This cylinder is shown in Fig. 18-1 and has a 
volume (n • V,) dS dt. Since there are f } d\j molecules per unit volume with relative 
velocity V,., the number of j molecules that cross dS in dt is given by 

(fjdvj)(n'Vj)dSdt 



Figure 18-1. The cylinder containing all those molecules of species / with velocity V;, which cross the 
surface dS during the time interval dt. (From J. O. Hirschfelder, C. F. Curtiss, and R. B. 
Bird, Molecular Theory of Gases and Liquids. New York: Wiley, 1954.) 
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if each molecule carries with it a property then* the flux of this property is 

*jf/P'Vj)*J 
and the total flux across this surface is 

total flux = | fyf/n * Vj) dvj = n • j \j/jfj V y d\j = n • \J/, (1 8-22) 

The vector , 

= j^jfjVjdVj (18-23) 

is called the flux vecto r associated with the property The component of this vector 
in any direction is the transport of the property ij/j in that direction. Let us now 
consider the various examples of tj/j. 

TRANSPORT OF MASS 

In this case, ij/j = m $ , and 

*y = m J j fj W J dy J = Pj m J y j = J; 0 8-24) 

TRANSPORT OF MOMENTUM 

Here ij/j = nij V jx , and 

= m j j v )*fj y j dy j = Pj Vj 0 8-25) 

which is the flux of the x-component of momentum relative to v 0 . The flux of momen- 
tum is a pressure, which has components 


(Pj)xx = Pj r'"y Vjx V p 


(Pj) xy = Pj m j V jx V Jy , etc 
or, in general, 


Pj = PjWjVjVj (18-26) 
which is the partial pressure tensor of the yth species. 

TRANSPORT OF KINETIC ENERGY 

and 

^ = y J Bj'Vj/j dyj = iPjmj Vj Vj = q, (1 3-27) 

the heat flux vector of the y'th species. 

It should be clear at this point that once we have an expression Jfc^^ 
can calculate all the fluxes and hence all the transport properties of a dilulegas. What 
we need now is/,- , or at least an equation that gives f } as its so lufiohTTHeonly equation 
we have up to now is Eq. (18-14) with n ~ 1, and it can be seen that this also contains 
fj i2) . As we said earlier, nobody has found a successful way to uncouple this system. 
In the next section we shall derive an equation for f } , the Boltzmann equation, which 
is the fundamental equation of the rigorous kinetic theory of gases. 
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